N95-20515 


, - -• 

J "> 


AMORPHOUS SILICON THIN FILMS: THE ULTIMATE LIGHTWEIGHT SPACE SOLAR CELL 


G.J. Vendura, Jr., M.A. Kruer, H.H. Schurig, M.A. Bianchi, and J.A. Roth 
TRW Space and Technology 
Redondo Beach, California 


ABSTRACT 

Progress is reported with respect to the development of thin film amorphous (a-Si) terrestrial solar 
cells for space applications. Such devices promise to result in very lightweight, low cost, flexible arrays 
with superior end of life (EOL) performance. Each a-Si cell consists of a tandem arrangement of three very 
thin p-i-n junctions vapor deposited between film electrodes. The thickness of this entire stack is 
approximately 2.0nm, resulting in a device of negligible weight, but one that must be mechanically 
supported for handling and fabrication into arrays. The stack is therefore presently deposited onto a large 
area (12 by 13 in.), rigid, glass superstrate, 40 mil thick, and preliminary space qualification testing of 
modules so configured is underway. At the same time, a more advanced version is under development in 
which the thin film stack is transferred from the glass onto a thin (2.0 mil) polymer substrate to create large 
arrays that are truly flexible and significantly lighter than either the glassed a-Si version or present 
conventional crystalline technologies. In this paper the key processes for such effective transfer are 
described. In addition, both glassed (rigid) and unglassed (flexible) a-Si cells are studied when integrated 
with various advanced structures to form lightweight systems. EOL predictions are generated for the case 
of a 1000 W array in a standard, 10 year geosynchronous (GEO) orbit. Specific powers (W/kg), power 
densities (W/m 2 ) and total array costs ($/ft 2 ) are compared. 

INTRODUCTION 

During the next ten years, spacecraft power requirements will grow significantly over the presently 
typical 1 to 4 kW EOL systems. Also, more interest will be focused upon smaller and lighter systems in the 
0.1 to 1 .5 kW range. Finally, the proliferation of small, less expensive launch vehicles will require low- 
mass, low cost, power sources. Current crystalline silicon technology using 8 mil thick devices is too 
heavy, costly and large to support higher power levels on satellites thrust into space by existing and 
planned vehicles. Thin, 1 3.5% efficient, silicon cells and even higher efficiency gallium arsenide and 
indium phosphide cells reduce weight and area but increase cost. New generation lightweight 
photovoltaic devices are required to meet this challenge (ref. 1). These new devices, by nature, are 
expected to be both enhancing and enabling: enhancing by offering advantages in power, weight and 
cost compared to traditional crystalline solar cells in existing satellite designs for conventional orbits; 
enabling by extending array and mission capability beyond the present limitations of such space systems. 

For this reason, thin film solar cells are presently generating intense interest within the space 
community. Those technologies that have already enjoyed significant development for terrestrial 
applications are especially attractive. Both a-Si and copper indium diselenide (CIS) fall into this category, 
but of the two, a-Si is by far the more advanced (ref. 2-3). Very large area a-Si cells and integrated 
modules are already routinely manufactured for terrestrial applications with AMO efficiencies of 8 to 10%. 
Although this is considerably less than standard 13.5 and 1 8.5% Si and GaAs/Ge figures, the material's 
greater radiation resistance, ultra light weight, low cost, flexibility and the ability to be incorporated into 
existing, well-developed, lightweight, satellite array structures makes a-Si not only a viable but also a 
potentially superior alternative. Significantly, the cells can be interconnected in various series and parallel 
configurations by means of standard semiconductor monolithic integration techniques resulting in 
superior packing densities and the reduction in the yield and cost disadvantages associated with 
numerous discrete parts and corresponding handling operations. 
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a-Si SPACE SOLAR CELL APPROACH 


The a-Si solar cell chosen for such space development, shown in Figure 1 , is routinely fabricated 
by Solarex Thin Films and allows the maximum leverage of existing terrestrial technology (ref. 4). The 
active material consists of a stack of three individual a-Si p-i-n cells sandwiched between thin electrodes. 
The upper electrode of SnC >2 is transparent to incident light, while the back electrode of silver is opaque. 
The three a-Si cells are not compositionally identical. Instead, uppermost and lowermost devices are 
carbon and germanium alloys respectively to allow for increased collection efficiency by utilizing a broader 
segment of the solar spectrum. The entire stack has a total cross section of only 2.0p.m. However, the 
commercial product is deposited upon a 40 mil superstrate of either soda lime or borosilicate glass as a 
means of mechanical support during fabrication and handling. Although both single junction and double 
junction variations of this device are manufactured on superstrates as large as 4 square feet, the baseline 
space product considered in this study is limited to 12 by 13 in. 

The effort to develop this terrestrial commercial product into a device suitable for space can be 
divided into two major phases: 

I. Development and qualification testing of these glassed 12 by 13 in. terrestrial cells to 
create a usable, rigid space product. Although the superstrate contributes significantly to overall weight, 
results of early cost and power trades indicate advantages for certain missions. 

II. Development of materials and additional processes for transferring 3 by 3 in. areas from 
the glass superstrate onto a thin, polymer substrate to demonstrate a flexible space product. Earlier 
stages will focus primarily on mechanical issues, while later stages will address both mechanical and 
electrical stability. A later phase will concentrate on the scaling up of these processes to transfer 

12 by 13 in. and larger areas. 

The most important aspects of the Phase I effort center on radiation and temperature effects and 
long term stability. Studies by Woodyard and co-workers indicate that radiation damage, in large part, may 
be reversed by annealing (ref. 5). Also, attention must be focused on the degradation of a-Si output due 
to photons (the Staebler Wronski effect) and its reduction (ref. 6-7). Significant adjustments in the 
manufacturing sequence have already been made by Solarex and will continue to be considered to 
minimize this effect. 


ADVANCED PROCESSES 

Phase II, addressed simultaneously with Phase I to save time, focuses on the materials and 
process development of two key additional processes required for transfer: release and liftoff. These 
processes are illustrated in Figure 2 on the right, while the standard commercial sequence is shown on the 
left. The release process consists of sputter deposition of carefully controlled thin film layers directly onto 
the glass superstrate to partially isolate it mechanically and chemically from the commercial device that is 
deposited subsequently. This limits the adhesive strength which, in turn, facilitates eventual separation. 
The liftoff process, on the other hand, involves the attachment of polymer and other films to the back 
surface of the commercial stack by means of a thermo-compression technique. The number and 
orientation of these backing layers are carefully balanced to create the right relative mismatch in the 
various coefficients of thermal expansion. As a result of differential contraction upon cooling, separation 
at the release interface is accomplished and the solar cell is thereby transferred from the rigid, glass 
superstrate onto the flexible, laminated substrate. 

The release process is dependent upon very specialized, large-scale sputtering equipment. 
Either of two custom built sputtering machines can be used, depending upon solar cell size and quantity. 
Although cells of 12 by 13 in. are presently earmarked for the baseline process, individual device areas are 
expected to eventually increase to 4 and 8 ft 2 . It is advantageous to load large batches of such cells into a 
single machine for economy. 
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The chamber of the first unit is 6.0 by 6.0 by 6.0 ft. and can be evacuated to the low 10' 7 torr 
range by a 16 in. cryopump. The machine can operate in RF or DC modes and is equipped with three 5.0 
by 20.0 in. targets, capable of co-deposition onto three 20.0 by 20.0 in. substrates rotating via a planetary. 
Operation is computer driven and monitored to permit unattended deposition of multiple layers. Control 
devices include an in situ particle counter, a quartz crystal thickness monitor, a residual gas analyzer and 
an optical monitor to track reflective interference to a quarter of a wavelength. 

The second sputtering machine consists of a chamber with a floor area 20 by 12 ft. and a ceiling 
15 ft. high. Overnight evacuation to the low 10' 7 torr is achieved by three 16 in. and one 48 in. cryopumps 
coupled to a Woods Root blower. The machine is fitted with three 5 by 40 in. planar cathodes that move in 
a raster pattern from 0.5 to 36 in. away from a substrate as large as 18 ft. long and 12 ft. high. 

Co-deposition is possible via two of the three targets. By means of another cathode assembly, 1 0 in. 
round, non-planar shapes can be coated. This machine can also operate in either RF or DC modes, is 
similarly computer controlled and monitored, and is fitted with a residual gas analyzer, a quartz crystal 
monitor and a particle counter. 

An earlier version of the overall release process involved the deposition in the smaller machine of 
three separate layers, shown in Figure 3a. After cleaning, the glass superstrate was loaded into the 
chamber which was then evacuated to 1 0~ 6 torr. A 400A layer of binder material was deposited. The 
purpose of this film was to promote adhesion between the glass surface and subsequent materials: a 
release layer of approximately 800A followed by a 1 .5 pm cap of Si 02 - The purpose of the release layer is 
to provide a release interface (R.l.) - a plane of significantly weaker chemical and mechanical adhesion 
compared to all other interfaces - so that separation can eventually be achieved at this surface. 

After deposition of these three layers, the treated glass was shipped to Solarex, where the a-Si 
solar cell components (Figure 1 ) were added. The device was then returned. Initial liftoff experiments, 
intended to separate the cell at the R.I., produced mixed results. In some cases the solar cell did not 
release at all; in others, release was uneven. EDAX and SEM investigations of suspect areas of the 
surface seemed to indicate atomic diffusion of the superstrate across the release layer resulting in 
pinning - localized areas of high adhesion - at the R.l. Since the commercial fabrication sequence involves 
Sn0 2 and contact annealing processes that approach the softening point of glass, a high temperature 
mechanism was suspected. 

To eliminate this pinning without affecting the solar cell manufacturing sequence, the release 
process was modified to include a 400A diffusion barrier as shown in Figure 3b. An additional 800A layer 
varying in composition from barrier to release layer materials was also necessary to ensure the R.l. 
remained the weakest link in the chain of interfaces in order to prevent separation at the barrier-release 
layer surface instead. 

Again the treated glass was shipped to Solarex and returned with solar cells attached. 

Experiments demonstrated significantly improved results, although the process continues to be 
developed further. 

The liftoff process involves the attachment of five plies of flexible material to the back surface of 
the cell in three stages. As shown in Figure 4, three layers of 1 .0 mil polymer are interspersed with two 
1.0 mil layers of fiberglass cloth. In the first stage, all but one polymer layer are aligned, placed in vacuum, 
degassed and subjected to a two step cure process. The second stage consists of surface preparation of 
the Ag contact on the back of the solar cell, followed by mechanical placement of the remaining polymer 
film. In the third stage, all parts are joined into a single unit by an additional vacuum, degas, and cure 
sequence. Under ideal conditions, upon cooling, the solar cell releases spontaneously and cleanly at the 
R.l. due to a differential in the coefficients of thermal expansion (CTE). 

The CTEs are balanced by careful selection of layer composition, thicknesses and orientations. 
For example, the two fiberglass cloth plies are aligned in different directions, one at 0,90 degrees and the 
other at ±45 degrees, as implied by the dissimilar slash patterns in Figure 4. Another key concern is the 
complete elimination of air bubbles during processing. Air bubbles result in voids - points of no adhesion 
between the flexible substrate and the solar cell. Thus, upon release of the bulk of the a-Si, areas under 
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the voids can remain behind, creating pinholes in the surface of the cell which in turn may result in shorting 
and power degradation. 

Figure 4 is representative of one of several variations of the liftoff process still under 
development. Other variations use different quantities of layers or plies of different thickness. The 
objective, however, is to eliminate layers or to use thinner plies so that the total flexible substrate is 
approximately 2.0 mil. 


LIGHTWEIGHT STRUCTURES 

a-Si cells, both glassed (Phase I) and flexible (Phase II), are suitable for incorporation into 
conventional and low mass arrays. For the purposes of comparison, a 1000 W array was considered. In 
the first case a state-of-the-art 0.5 in. thick Al honeycomb with 5.0 mil graphite face sheets and a single 
layer of 2.0 mil Kapton to insulate the solar cells is assumed. In addition, two existing, well-developed 
lightweight structures were studied. The first is an adaptation of the Advanced Photovoltaic Solar Array 
(APSA) (ref. 8). The original APSA consisted of a 5.4 kW, 15.25 by 2.81 m, mast-deployed, 42 panel, 
prototype wing as shown in Figure 5 (ref. 9). This unit was populated by 2.2 mil thick crystalline silicon 
solar cells, 2.0 by 4.0 in. area, with 2.0 mil cover glasses. The efficiency of these cells was 13.5%. A key 
lightweight feature is the employment of a 2.0 mil carbon loaded Kapton substrate, accordion folded for 
stowage during launch. Despite this lightweight blanket, however, major contributions to mass resulted 
from the deployment mast, the frame and the stowage container. Since this study concerns an array less 
than 25% of the original APSA area, wherever possible, features such as this container size were scaled 
down accordingly. 

Another advanced lightweight structure involved using a TRW developed and tested framed 
membrane technology. Main features of such a system, highlighted in Figure 6, include a rigid membrane 
solar cell support consisting of a very thin laminate with a foam core and high modulus, graphite fiber 
reinforced plastic (GFRP) face sheets. Kapton is used to insulate the solar cells from the membrane 
surface. The frame tubes are transfer molded from a mixture of high modulus and high strength GFRP 
materials. To create a panel structure subassembly, the various GFRP components are joined together 
through a precision bonding process without the need for mechanical fasteners. Such a panel design is 
adaptable for use with cells of various types, sizes and thicknesses and can be readily scaled up or down 
as required. An advanced version of the system involves lighter frame and substrate elements. Indeed, 
an adaptation of the system, using a different rigid laminate and no frame whatsoever, was incorporated in 
the Earth Observing System (EOS) program. 

The ultimate lightweight array, the Ultra Light Film Array (ULFA), is presently limited to satellites 
<1000W. It includes a 2.0 mil flexible Kapton blanket, but not the relatively heavy components of either 
the APSA or framed membrane designs. In this case, the blanket is deployed and supported by 
lightweight strain energy hinges. Although development of such a structure is not as mature as APSA 
and membrane technologies, it is nonetheless included in this study for comparison purposes. 

RESULTS 

Results are in the form of EOL performance predictions of satellite systems incorporating various 
a-Si and conventional crystalline solar cells populating the four structures described. In all cases, a 
standard, 10 year GEO mission is assumed for the nominal 1000 W array. Weight of stowage and 
deployment hardware is included. In the case of a-Si arrays, cell interspacing was set at 120 mil, while for 
crystalline devices it was 30 mils. Also, whenever possible, proven cell and system design factors were 
used. For example, empirical loss factors were applied to account not only for temperature and radiation 
degradation, but also for more obscure losses such as Staebler Wronski (SW), packing, wiring, installation, 
cycling, cover glass darkening, etc. All comparisons are thus at a system level of performance as opposed 
to often quoted device or cell level performance. It is noted, however, that all systems are not universally 
applicable to all cells, and in certain specific cases some overdesign and underdesign is inevitable. 
Therefore, the accuracy of results is estimated to be ±1 0%. 
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Data are summarized in T able 1 for 1 3 different systems. Rows 1 through 4 present data for 
unannealed a-Si having 4 different cover glass thicknesses: 40 mils, 8 mils 2pm and 1 mil. Systems 5 
through 7 outline crystalline Si, while 8 and 9 highlight crystalline GaAs/Ge. Rows 1 0 through 1 3 examine 
the same a-Si systems as 1 through 4, but this time the systems are designed for self annealing, resulting 
in considerable radiation and Staebler Wronski loss recovery. Details such as cell type, size, device and 
cover thicknesses and BOL efficiency, tj, are presented in the leftmost columns. For a-Si, BOL r| was 
assumed to be a conservative 1 0.0% at AMO and 28°C. Crystalline r|, on the other hand, varied from 1 2.2 
to 18.2% as tabulated. Staebler Wronski degradation is assumed at 15% for unannealed a-Si and 5% for 
the same cells when annealed. In the table, honeycomb, membrane, APSA and ULFA data then follow in 
terms of three key parameters: specific power (W/kg), power density (W/m 2 ) and areal density (lbs/ft 2 ). 

In generating these data for the systems involving a-Si, radiation degradation behavior in 
response to orbital environment was calculated from a model using the standard approach of equating 
ionization and displacement damage with P/Po power reduction. This technique uses existing data for 
P/Po from IMeV proton fluences and extends it to other proton energies. P/Po is defined as a function of 
1 MeV protons similar to crystalline technology, using 1 MeV electrons as the conversion parameter (ref. 
10 ). 


The a-Si comparison is presented graphically in Figure 7 in which the structural density (the sum 
of the system’s areal density and the weight of peripheral hardware -hinges, booms, deployment 
hardware, etc.- spread over array area) is plotted as a function of specific power. As shown, even cells with 
40 mil covers generate respectable powers when compared with the ~15 W/kg figure for a crystalline 
silicon system (not shown) using less than the state-of-the art honeycomb presented in this study. As 
expected, a-Si with 8 mil covers performs considerably better, especially in the case of APSA in which 
best results are 77.7 and 83.2 W/kg for unannealed and annealed cells respectively. Note that because 
of weight, only 2 pm and 1 mil a-Si cells are appropriate for application to the ULFA structure. Here, results 
as high as 340.9 W/kg are indicated for the annealed 2 pm cover system. Of note is the fact that 1 mil of 
cover glass and/or annealing makes a considerable difference over an unannealed 2 pm a-Si array 
incorporated in any structure in the GEO environment. 

In Figure 8, less-than-optimal 8 mil covered a-Si is compared to the best of the crystalline Si and 
crystalline GaAs/Ge systems. The crystalline Si cell used was a 2.5 x 5.0 cm, 2.7 mil thick device with both 
a back surface field and reflector (BSFR) and a 2.0 mil cover. The GaAs/Ge device was 4.0 x 4.4 cm, 

5.5 mils thick, with a 3.0 mil cover. The curves demonstrate that both unannealed and annealed a-Si is 
superior at structural densities approaching APSA. At higher structural densities, however, a-Si and 
crystalline Si are comparable, while GaAs/Ge is superior. 

In Figure 9, the same crystalline systems are compared with those for the a-Si cell covered with 
1 mil of glass. Here the ULFA structure is inappropriate for all but the a-Si case. Best results are 266.5 and 
288.3 W/kg for unannealed and annealed devices respectively. 

Specific power alone, of course, is not the only major point of comparison. Depending on mission 
and program constraints, power density, and areal density can also be key considerations. Table 1 also 
offers these data for the 1 3 systems under study. 

Another essential factor is cost. System cost, typically in $/W, involves the sum of three separate 
figures: cell materials, structural materials and recurring fabrication labor. Only the first of these is 
presented in Table 1 . The prices of the crystalline cells are well-established, while, admittedly, a-Si figures 
are rough estimates based upon current commercial terrestrial production prices. Depending on cover 
glass, these figures may be off by a factor as high as 5. Nevertheless, savings associated with a-Si 
compared to crystalline systems, depending on choice, readily approach an order of magnitude. 


129 



SUMMARY 


An approach is described for developing very lightweight a-Si solar cells for space by leveraging 
progress of terrestrial devices. Glass and flexible versions are being addressed simultaneously. Critical 
release and liftoff processes for transferring such cells from a rigid 40 mil superstrate onto a flexible 2.0 mil 
substrate are presented. EOL performance predictions are generated based upon a 10 year GEO 
mission of a 1 000W array incorporating different a-Si and crystalline cell configurations with four distinct 
structures. Results demonstrate that specific powers of 266.5 and 288.3 W/kg are achieved when a-Si 
cells with 1 mil covers, unannealed and annealed respectively, are combined with the ULFA structure. 
The specific power increases further, to 340.9 W/kg for annealed devices with a 2 pm cover. These 
figures are two to five times better than the performance of conventional crystalline solar cells in similar 
systems for an identical mission. 
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TABLE 1: PERFORMANCE COMPARISON: CELLS, STRUCTURES & SYSTEMS 
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Figure 4: Liftoff Process 



Figure 5: Full Scale APSA Structure 
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Figure 7: Comparison - a-Si vs. Structure 
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Figure 8: Comparison - Conservative a-Si with Best Crystalline vs. Structure 



Figure 9: Comparison - Best Cases vs. Structure 
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